Fault-controlled damage zones have important implications for fluid flow in fractured reservoirs. We present here a methodology for identification of fault-controlled damage zones in microseismic data using a dataset from the Haynesville shale. We first develop a discrete fracture network (DFN) model of the pre-existing faults shear activated during hydraulic fracturing stimulation. We utilize the DFN to reveal fracture concentrations, diagnostic of fault damage zones. The DFN also reveals a planar zone of diminished microseismic events which we hypothesize are correlative with the fault itself. In support of this interpretation, we show that fault density in the damage zones drops off with distance from the fault according to a power law F=F 0 r -n which has been observed in faultcontrolled damage zones at other locations.
Introduction
Microseismic events induced during hydraulic fracturing stimulation provide a valuable opportunity to constrain information of subsurface faults (e.g., Deichmann et al., 2014; Stabile et al., 2014; Block et al., 2015) . In this study, we present a method for fault identification based on detection of fault-controlled damage zones in microseismic data recorded during multi-stage hydraulic fracturing. We illustrate this method using a data set recorded in the Haynesville shale.
For this study, we choose a microseismic event catalog containing 3159 events that were recorded by a down-hole seismic array during stimulation of a horizontal well located in Haynesville shale (figure 1). We assume each microseismic event was generated from shear slip on a preexisting fracture due to the pore pressure increase during hydraulic fracturing stimulation. We also assume each event location denotes the center of an activated fracture. However, for the very small source dimensions of these events (see below) this is not an important assumption. The shear fracture size can be constrained through event moment magnitude using well-established scaling laws among seismic source parameters.
Moment magnitude Mw and seismic moment M 0 are related via (Hanks, 1984) : Two source parameters, stress drop and shear slip, are then used to constrain fracture sizes. Assuming a rectangular dip-slip fault patch (this is an area of active normal faulting, as will be shown later), the static stress drop can be estimated by (Kanamori and Anderson, 1975) :
Where W is fault width (its length in the direction closest to vertical), λ is Lame's constant, G is shear modulus, ω is fault length-to-width ratio, M 0 is moment magnitude, and Δσ is stress drop.
W is also given by (Hanks and Kanamori, 1979) :
Where D is fault slip. Figure 2 illustrates the range of W constrained by 0.1MPa<Δσ<10MPa, and by 0.01mm<D<1mm, for Mw between -2.5 and 0. G and λ are assigned to be 10 GPa, and ω is assigned to be 1. For a most frequently observed magnitude Mw=-1.5, the two ranges for fault size are 0.74m~3.42m and 0.84m~8.41m, respectively. It has been shown that Δσ for micro-earthquakes are scale-invariant and are dominantly around 0.1MPa (Mukuhira, 2013) . Thus we will use this stress drop, which corresponds to the upper bound of values of W for creation of a DFN. To be more realistic about the fracture geometry, rectangles with random length-to-width ratio between 0.5 and 2 have been generated.
Fault damage zones in microseismic data
Fault size(m) Figure 3 shows that the overburden S v derived from a density log, the least principal stress S hmin and pore pressure P p measured by DFIT method (Ramurthy el. al., 2002) , are 1.09, 0.95 and 0.88 psi/ft, indicating that the stress state is at a normal faulting frictional equilibrium
+µ) 2 , assuming a frictional coefficient µ=0.6 (Zoback, 2010) . Further, giving the orientation of active faults in the area and regional stress orientations, S Hmax is assumed to be N60˚E. It is clear in Fig. 3 Fracture orientations are then stochastically generated and geomechanically conditioned by assuming that shearactivated fractures are sub-parallel to critically stressed faults in the current stress regime. The two most-favorablyoriented fractures in such a stress regime are 60˚ and 240˚, and the dip angles are ≈ 60˚. We assume a bi-modal Gaussian distribution of fracture azimuth and a uni-modal Gaussian distribution of fracture dip:
Where Φ is fracture azimuth, µ Φ1 , µ Φ2 are the means (two most-favorably-oriented fracture azimuths), σ Φ1 , σ Φ2 are standard deviations, and w 1 , w 2 are weights. For this study,
δ is fracture dip, and µ δ , σ δ are mean and standard deviation of the dip.
Here, µ δ = 60˚ and σ δ =5˚.
Cumulative density functions (CDF) of Φ and δ are derived by integrating Eqn. (4) and Eqn. (5). 3159 numbers obeying a uniform distribution are stochastically generated between 0 and 1 to simulate the CDFs, and are inverted back to obtain the corresponding azimuths and dips, before being randomly assigned to all 3159 fractures. Figure 4 shows the distribution of generated fractures orientation. However, it is noteworthy to point out that as the pore pressure gets increasingly higher, less well-oriented faults can also be induced to slip, and the above assumption on fracture orientation can be relaxed accordingly. This means the bright areas shown in figure 4 will spread with pore pressure increase until they fully cover the stereonet.
Having the location, size and orientation, a fracture can be determined by calculating the coordinates of its four vertices. Figure 5 shows the generated DFN.
Identification of fault-controlled damage zone
We observe that the fractures in the DFN occur in two distinct groups, separated by a fracture-diminished zone that strikes approximately N60˚E and dipping at about 60˚ Stage-by-stage pressure history reveals no pumping anomaly at that position. A separately processed data set of microseismic events recorded by a surface array also shows an absence of micorseismicity at the same place. Noticing the normal faulting stress regime with an azimuth of S Hmax around 60˚/240˚, the gap well delineates a fault plane that is favorably-oriented for slip in the current stress field. Slow slip on the fault and very low permeability across the fault are two possible reasons for failure of illumination on the pre-existing fractures. A similar pattern of seismicity abutting a subsurface fault in the Barnett shale was reported by Farghal and Zoback (2014) . Although the possible mechanisms are beyond the scope of this study, we hypothesize that the fracture-diminished-zone indicates the presence of a fault, and the two fracture groups define the associated fault-controlled damage zones. The fault corresponding to the seismic gap is also shown in figure 5 .
A characteristic of fault-controlled damage zones, as has been shown by both field fracture characterization (Mitchell and Faulkner, 2009; and fault dynamic rupture modeling , is that the 1D fracture density P 10 decays with distance from the fault according to a power law:
Where F 0 is fault constant, r is distance from the fault, and n is rate of decay.
We attempt to verify our hypothesis by detecting such a spatial evolution of P 10 in the DFN. To do so, we first compute a so called 'voxel fracture density', defined as the number of fractures intersecting a voxel with a certain predefined volume. The reservoir volume of interest is discretized into 240×230×120 cubic voxels of size 10×10×10 ft. For each voxel V(i,j,k) , define voxel index G:
For any fracture F n , (n=1~N, N=3159), discretize it into numerous sub-patches to obtain grid points P n1 , P n2 , …, P nr . The voxel that contains the point P nm: (x nm ,y nm ,z nm ) (m=1~r), is of index: Here, (x 1 , y 1 , z 1 ) is the center of voxel V (1,1,1) . dx,dy,dz are the dimensions of each voxel. int takes integer part of any arbitrary number. The indices of all the voxels that are intersected by fracture F n can be easily obtained by looping over from P n1 to P nr . Note that the repeated indicies must be removed. Voxel fracture density D(G n ) is thus:
Where G n is a vector composed of indices of all voxels intersected by fracture F n. Loop over from facture F 1 to F N yields the voxel fracture density distribution of the generated DFN (see figure 6), and enable us to sample P 10 . 
Fault damage zones in microseismic data
If we define a length increment Δr and draw a scan line of length r l =l·Δr from an arbitrary point (x 0 , y 0 , z 0 ) on the fault along its norm direction, and assume that the end of the scan line intersects with voxel V(i,j,k) centered at (x i , y j , z k ), then the scan line can be described by:
Hence the location of the voxel is (αA f +x 0 , αB f +y 0 , αC f +z 0 ). α can be determined using the distance between the scan line origin and the voxel center, which is given by:
α is positive for scan line along positive norm direction and negative for that along negative norm direction. Using the voxel location, the voxel index G l can then be calculated for extraction of voxel fracture density D(G l ) using Eq. (8), (9). P 10 over the length r l is then given by: Figure 7 shows examples of power law decay of P 10 in three different sampling scenarios. Scan lines AA', BB' and CC' are shown in figure 5 . It is noteworthy to point out that the power law decay of P 10 appears widely in numerous sampling studies where scan lines are emitted from multiple locations on the fault along both positive and negative norm directions.
Conclusion
We propose a new method for identifying subsurface faults and fault damage zones form fluid injection-induced microseismic events. Our method is based on the characteristic decay of fracture density in fault-controlled damage zones. We show that in this data set (as in many field observations), the 1D fracture density decays with the distance from the fault following a power law P 10 =F 0 r -n . The 3D DFN we developed represents a shear activated subset of pre-existing fractures which are microseismically and geomechanially conditioned. The fracture sizes are determined via seismic source parameter relationships, and fractures are assumed to be sub-parallel to criticallystressed faults and their orientations are conditioned to the current stress regime. The DFN shows strong fracture concentrations, and the fracture-diminished-zone indicates the presence of a fault. Based on a 'voxel fracture density' approach, we sample P 10 in different scenarios and repeatedly observe power law decay of P 10 with distance from the fitted fault. 
